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Cox2W56R complemented strain led to full restoration of Cox1
synthesis. We conclude that the cytosol-synthesized Cox2W56R
follows a rate-limiting process of import, maturation or assembly that
yields lower steady-state levels of complex IV. Still, the allotopically-
expressed Cox2W56R restores CcO activity and allows mitochondrial
Cox1 synthesis to advance at WT levels.
References
[1] F. Fontanesi, I.C. Soto, A. Barrientos, IUBMB Life 60 (2008)
557–568.
[2] L. Supekova, F. Supek, J.E. Greer, P.G. Schultz, Proc. Natl. Acad.
Sci. U. S. A. 107 (2010) 5047–5052.
doi:10.1016/j.bbabio.2012.06.287
14P9
Modeling the circular dichroism and absorption spectra of
complexes FI and FII of cytochrome c oxidase
A.V. Dyuba, A.M. Arutyunyan, T.V. Vygodina, A.A. Konstantinov
A. N. Belozersky Institute of Physico-Chemical Biology, Moscow State
University, Leninskie Gory 1, Bldg. 40, Moscow, 119991, Russia
E-mail: dyubon@gmail.com
Cytochrome c oxidase is the key enzyme of mitochondrial and
some bacterial respiratory chains. As a redox enzyme, cytochrome
oxidase has several redox components, namely, hemes a and a3 and
copper centers CuA and CuB. Intermediates of the working cycle can
differ in the redox state of these centers. So the important task is to
characterize the redox centers in different intermediates of the
enzyme. During the peroxidase phase of the working cycle, after the
heterolytic OO bond cleavage, a ferryl (Fe4+) intermediate is formed,
containing an organic radical at the active site, which is presumably
represented by neutral tyrosyl radical (complex FI). After that the
next electron reduces this complex to the ferryl intermediate which
contain no amino acid radical at the active site (complex FII).
Complex FI was obtained by bubbling oxidized enzyme with CO
under aerobic conditions, complex FII was obtained by adding access
amount of hydrogen peroxide to the oxidized enzyme. The absorption
spectra of the two complexes clearly differ in the visible region, but in
the Soret region the difference is not so distinct because of wide
absorption bands. Circular dichroism (CD) spectra in the Soret region
revealed narrow bands for these ferryl complexes and the distinct
difference between them. However, it is difﬁcult to interpret the
spectra without theoretical considerations. To solve this task, we
suggest a model [1] based on the DeVoe's theory of classical dipole
oscillators. With this model in hand, we are able to simulate the
spectra of oxidized and reduced states of cytochrome oxidase, and
also the spectrum of complex FII, according to the 3D structure of the
enzyme and the redox state of the hemes and nearby amino acid
radicals. Our model have shown that the changing of optical
properties of Tyr244 (bovine notation), simulating the transition to
the radical state, affects the shape of the calculated CD spectra in a
manner similar to the difference between spectra of complexes FI and FII.
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The cytochrome c oxidase Cox2 has been puriﬁed from native
membranes of the hyperthermophilic eubacterium Aquifex aeolicus. It
is a cytochrome ba3 oxidase belonging to the family B of the heme-
copper containing terminal oxidases. It consists of three subunits,
subunit I (CoxA2, 63.9 kDa), subunit II (CoxB2, 16.8 kDa), and an
additional subunit IIa of 5.2 kDa. Surprisingly it is able to oxidize both
reduced cytochrome c and ubiquinol in a cyanide sensitive manner.
Cox2 is part of a respiratory chain supercomplex. This supercomplex
contains the fully assembled cytochrome bc1 complex and Cox2.
Although direct ubiquinol oxidation by Cox2 conserves less energy
than ubiquinol oxidation by the cytochrome bc1 complex followed by
cytochrome c oxidation by a cytochrome c oxidase, ubiquinol
oxidation by Cox2 is of advantage when all ubiquinone would be
completely reduced to ubiquinol, e.g., by the sulﬁde:quinone
oxidoreductase, because the cytochrome bc1 complex requires the
presence of ubiquinone to function according to the Q-cycle
mechanism. In the case that all ubiquinone has been reduced to
ubiquinol its reoxidation by Cox2 will enable the cytochrome bc1
complex to resume working.
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The heme-copper oxidoreductase superfamily is extremely diverse
with members playing crucial roles in both aerobic and anaerobic
respiration. The superfamily is currently divided into two classes: the
oxygen reductases and the nitric oxide reductases. The oxygen
reductase members of the superfamily are terminal oxidases in the
aerobic respiratory chains of mitochondria and many Archaea and
Bacteria. These enzymes catalyze the reduction of molecular oxygen to
water with the concomitant transfer of protons across the membrane,
contributing to the generation of a proton electrochemical gradient that
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can be coupled to energy-requiring cellular processes. The nitric oxide
reductase (NOR) members of the superfamily catalyze the reduction of
nitric oxide (NO) to nitrous oxide (N2O) in microbes capable of either
canonical or nitriﬁer denitriﬁcation.
We used comparative genomics, coupled with structural
and biochemical analyses, to characterize the diversity of the heme-
copper oxidoreductase superfamily. A number of previously uni-
dentiﬁed oxygen and nitric oxide reductase families were discovered.
Many of these new families have a wide environmental distribution
and may play important roles in nitrogen cycling and aerobic
respiration in low O2 environments. Evolutionary analysis of the
superfamily suggests that aerobic respiration originated after the
evolution of oxygenic photosynthesis. In most currently known phyla
early branching groups are anaerobic, implying that at the time of the
major diversiﬁcation of microbial life aerobic respiration had not yet
evolved. It is also shown that nitric oxide reductase activity evolved
many times independently, from various oxygen reductase members
within the superfamily, suggesting that canonical denitriﬁcation
evolved after aerobic respiration. The different oxygen reductase
and nitric oxide reductase families vary in their substrate (O2 and NO)
apparent binding afﬁnities and energy conservation efﬁciencies (H+/e−
translocation ratio). These differences, which are due to structural
variations within the proteins, have great ecological importance.
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The four subunit (SU) aa3 cytochrome c oxidase (CcO) from
Paracoccus denitriﬁcans is one of the terminal enzymes of the
respiratory chain. It uses electrons from cytochrome c to reduce O2
to H2O. Its binuclear active center, residing in SU I, contains heme a3
and CuB, the latter being ligated by three histidine residues. Apart
from its oxygen reductase activity, CcO also possesses peroxidase and
catalase activities.
To compare variants and the wild type (WT) protein in a more
stringent way, a recombinant (rec.) WT CcO was created, carrying the
gene for SU I on a low copy number plasmid. This rec. WT showed, as
expected, no difference in oxygen reductase activity compared to the
American Type Culture Collection (ATCC) WT CcO but, astonishingly,
its catalase activity was increased by a factor of 20.
The slight overproduction of SU I due to plasmid coding and the
resulting deﬁciency in metal inserting chaperones impairs the correct
insertion of heme a3 and CuB. This could lead to subtle differences in
side chain orientation and changes in the water network. However,
these slight changes might cause an increased accessibility of the
active center for H2O2, resulting in an increased catalase activity. The
availability of chaperones was improved by cloning the genes for the
two metal inserting chaperones CtaG and SurfIc on the same plasmid
together with the SU I gene. This new rec. WT CcO in fact showed a
reduced catalase activity. To fathom the structural difference
resulting in increased catalase activity capillary DSC was used. No
signiﬁcant difference in thermal stability between the ATCC WT CcO
and the rec. WT CcO was detected. However, upon aging, the thermal
stability of the rec. WT CcO was reduced faster than that of the
ATCC WT CcO pointing to a decreased structural stability of the rec.
WT CcO.
Several known inhibitors were used to probe the contribution of
the metal cofactors in the catalase reaction. In addition, variants in
aromatic amino acid positions near the active center were con-
structed to assess a possible reaction mechanism of the catalase
activity of CcO. Moreover, GC-coupled MS-measurements were used
to analyze the oxygen produced in the catalase reaction. As a result of
these experiments, a reaction cycle of the catalase activity of CcO is
postulated and the structural difference between the ATCC and rec.
WT CcO is outlined. The catalase activity appears to be a true catalase
activity and not a “pseudocatalase” activity.
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The cytochrome bd ubiquinol oxidase is one of the terminal
oxidases of the respiratory chain of many prokaryotes. The enzyme is
a heterodimeric membrane protein expressed under microaerophilic
conditions and has a high afﬁnity towards oxygen. It catalyzes
the reduction of dioxygen to water while oxidizing ubiquinol to
ubiquinone. The redox reaction is coupled with a vectorial translo-
cation of four protons across the membrane, thus, contributing to a
proton motive force crucial for ATP production. The cytochrome bd
ubiquinol oxidase is expected to cope with oxidative stress and as it is
only expressed in bacteria, including a number of human pathogens,
it may be an attractive drug target.
The cytochrome bd ubiquinol oxidase from various micro-
organisms has been studied by secondary structure predictions
and orientation of subunits. Its cofactors were characterized and
the role of possible proton channels was examined [1]. However, a
crystal structure of the enzyme complex at high resolution is not
yet known. To ﬁll this gap, the stable cytochrome bd ubiquinol
oxidase from Aquifex aeolicus, a hyperthermophilic organism with
an optimal growth temperature of 85 °C, is used as a model. The
A. aeolicus cytochrome bd ubiquinol oxidase was heterologously
produced in Escherichia coli, puriﬁed by chromatographic steps
and the heme-cofactors were spectroscopically characterized. How-
ever, the yield of the puriﬁcation is still low. To facilitate protein
puriﬁcation, a green ﬂuorescent protein combined with a
hexahistidine-tag is fused to the terminal oxidase. The protein
is produced in an E. coli strain depleted of the cytochrome bd
ubiquinol oxidase genes [2].
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